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FOREWORD

This document presents the results of an experimental and analytical #
investigation into the characteristics of three dimensional shock wave
turbulent boundary layer interactions produced by missile control surfaces.
The study was conducted by the High Speed Aero Performance Branch (JXG), A
Aeromechanics Division, Air Force Flight Dynamics Laboratory, Wright-
Patterson Air Force Ba:2, Ohio. The work concludes an in-house research
program and was performed under Project 2404 "Aeromechanics', Task 240407
"Aeroperformance and Aeroheating Technology'. This report covers analytical &
experimental work conducted from July 1975 to June 1978 and concludes

work unit 24040713 "Interference Heating to Modular Missile Configurations".
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1.0 INTRODUCTION

The investigation of shock wave/boundary laycr interaction phenomena
has been an area of continuing interest for the High Speed Aeroc Performance
Branch for the past decade. Although both two and three dimensionai
interactions have been invastigated, the area of 3-D interactions is more
practical with respect to design applications. It is aiso more challenging
for research, This is due primarily to the introduction of vortici:y
as a heating mechanism in the three dimensional interaction processes.
Several reports have been prepared by Branch personnel on this subject,

References 3, 4, 5 and 7,

The extension of this work from a flat plate receiver to an ogive-
cylinder, which is congidered in this report, is an attempt to make the
results of an exploratory development effort more practical to the systems
designer, The ogive-cylinder, while not a wissile design per se, embodies

many of the problems found in the evaluation of practical missile designy,

The "Modular Missile" test program spanned a three year period and
generated an extensive data base in heat transfer, pressurc, and oil
flow photographs in the fin interaction region and flow fiecld data about
the clean (no fins) ogive-cylinder. An attempt tc discuss all aspects
of the data obtained could fill several volumes; therefore, the scope of
this report was limited to the presentation of basic flow field data about
the ogive-cylinder and its use in the correlation of peak heating in the
interaction region. The complete data reports are refereiiced in Section 3.0,

Program Outline,

e
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2.0 MODEL AND TEST CONDITIONS

2.1 Modulair Missile Model

The model is basically composed of a stainless steel ogive-cylinder,
instrumented with 200 iron—-constanton 30 gage thermocouples. The
thermocouples are arranged in six “hin skin ipseris having a nominal
skin thickness of 0,030 inches. The general dimensions of the model
and ¢ photograph are shown in Figures 2,1 and 2.2. During the course of
the test program several types of control surfaces were fabricated
and mated to this basic model. The objectives of the program were to
first define the flow field properties about the clean ogive-cylinder
and then study the interaction heating produced by various control
surfaces mated to it.

2.1.1 Thin Skin qugrts

The locations of the thermocouple inserts are shown in Figure 2.3
and details of a typical insert are shown in Figure 2.4. Minimuin
spacing between adjacent thermocouples was 0.25 inches, and a minimum
of 0.50 inches was maintained between therhocouples and any supporting
structure around the thin siiin section. By installing two or three rows
of thermocouples in a s“ewed pattern as shown in Figure 2.4 the effective
spacing between measuiements was 0.080 inches or about 1.2 degrees of
peripheral arc.

Figure 2.5 presents details on the method of thermocouple
installation. Two 0.010 inch diameter holes were drilled at each
thermocouple location with a spacing equal to the skin thickness, 0,030

inches. The wires were then fed through the holes, spot welded at the



aerodynamic surface, and flushed off, With this method care must be
taken that the weld completely seals the hole or transpiration cooling
will occur. However, this method also allows very accurate placement
of the thermocouples required for detailed measurements in the fin
interaction region. v

2.1.2 Control Surfaces

Several types of control fins were constructed for the model.

The first set is éhown in Figure 2.6 and the pertinent dimensions are
given in Table 2.1. All were constructed of stainless steel and were
Attached to the model with their leading edge at Model Station 42. The
fins were all contoured on the lower surface so that they would seal to
the cylinder. One of the 20° unswept fins was comnstructed in segments
so that effects of varying the fin height could be investigated. All of
the fins shown in Figure 2.6 were constructed without instrumentation;
however, two fins were later modified for instrumentation along their
trailing edge as shown in Figure 2.7,

When testing of this set of fins had been completed, a swept fin
with a torque tube mount was designed as shown in Figure 2.8. The ngive-
cylinder was modified to houae-an internal drive system for varying the
length of the torque tube protruding from tha model. With this
configuration the effects of the torque tube and the fin-body gep on
the interaction region were investigated.

2.1.3 Pitot Pressure Probes and Surface Pressure Taps

Two pitot pressure rakes were constructed for probing the shock
and boundary layers on the clean ogive-cylinder. A large rake shown in

Figure 2.9 cortained 11 tubes spaced 1.0 inches apart. The rake could be



moved in the radial direction in 0.25 inch increments so that pitot
profiles were obtained from the wall to the shock with a resolution of
0.25 inches, 1Two surface pressure taps also shown in Figure 2.9 were
monitored while the pitot data were being taken. Data were :taken for
every 10° of roll thereby generating perpheral surface pressure |
distributions with only two taps.

A second smaller rake was also tested which contained 10 tubes
spaced 0.10 inches apart. This rake, sﬁown in Figure 2.10, provided the
necessary resolution to determine boundary layer thickness on the
cylinder at various pitch and roll attitudes.

2.2 Test Conditions and Procedures

2,2,1 Wind Tunnel

All testing of the Modular Missile Model was done at the Arnold
Engineering Development Center (AEDC) in Tunnel B, A detailed description
of the tunnel may be found in the AEDC Test Facilities Handbook(l).
The tunnel was always operating at its maximum Reynolds number in an
attempt to maintain a fully developed turbulent boundary layer at the fin
station for all model attitudes. The nominal tests conditions are given

below

Mach No. P, psia To °R P» psia g psia Re/fl:xlo"6

5.95 250 830 0.167 4.13 4.9

2.2.2 Heat Transfer Test Procedures

The output of the thermocouples were monitored continuously so
that prior to each test rum, T, and the variation of T, between thermocouples
were checked to ascertain that they were less than 85°F and +10°F,

respectively. The model was then injected at the desired test attitude,

4
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remained on the tunnel centerline ahout four seconds, and then retract.::d,
From the beginning of injection until the initiation of retracc, the
thermocouple outputs were recorded using the VKF digital data scanner
in conjunction with a Beckman 210 analocg-to-digital conversion system.
Each thermocouple output was scanned every 0.06 seconds. After each
test run, the model was cooled to an isothermal state using high-pressure
air.

Tae reductlion of thin~skin thermocouple data normally involves
only the calorimeteric heat balance which in coefficient form is:

"y = dTw/dt
H(To) = wbe, §9ldE (L

Radiation and conduction losses are neglected in this heat
balance and data reduction simply requires evaluation of dTy/dt from
the temperature~time data and determination of model material properties.
For the present tests, radiation effects were negligible; however,
conduction effects can be significant in several regions of the models.
To permit identification of these regions and to improve evaluation of
the data, the following procedure was used.

Separation of varisbles and integration of Eq. (1) assuming

congtant w, b, c_, and To yields:

P
H(To) (4 _ 4 ) wgn o~ Tes (2)
wbe i
P To - Tw

Differentiation of Eq. (2) with reépect to time gives

H(To) _ d n To - Twy (3)
wbe dt
To - Ty

Since the left side of Eq. (3) i constant, plotting &n _° Twy
To - Tw

versus time will give a straight line if conduction ‘s _negligible. Thus,

5
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deviation from a straight line can be interpreted as conduction effects.

The data were evaluated in this manner, and generally a linear
portion of the curve was used for all thermocouples. A linear least-
square curve fit of &n(To - Twi)/(To - Tw) versus time was applied to
the data. The interval of the curve fit began when the model reached

the tunnel centerline and its duration was a function of the heating

rate as follows:

Range Time Interval No. of Points
9%% > 32 °R/sec 0.3 esec 5
16 < L . 3 0.4 7
8 < 9%%}: 16 0.5 9
t < <g 0.7 13
2(_(121'1%:4 1.0 17
l<9§%;2 1.5 25
dly .5 41
dt

The time intervals listed above were adequate to keep the right-hand

side of Eq. (2) within the linear region. In the strictest sense, the

value of cp is not constant with temperaturc as assumed in the integration

of Eq. (1). The following expression was evaluated at the midpoint of

the tiwe interval used for each thermocouple

c, = (3.15789 x 10™°) (Ty) + 0.098947,

8TU
1bm=CR




and the maximum observed variation of cp was less than one percent. Thus,
the assumption of constant cp was reasonable. The value of density used
for the type #304 stainless steel skin was 501.3 1bm/ft3.

2.2.3 Pressure Test Procedures

Pitot pressures and model surface pressures were measured with
the Tunnel B standard pressure system, which uses 1- and 15-psid
ransducers. This system automatically selects the l-psid transducers
to measure pressures less than 1 psia and the 15-psid transducers for
pressures greater than 1 psia. All measurements are referenced to a
near vacuum. Based on periodic comparisons with secondary standards,
the precision of these transducers (bands which include 95 percent of
the residuals) is estimated to be +0.2 percent of reading or +0.0003 psi,

whichever is greater, for the 0- to l-psia measurements and +0.2 percent

of reading or +0.01 psi, whichever is greater, for the 1l- to 15- psia
measurements.

After each rake vertical position change the model was injected

into the test section flow at zero angie of attack, the pressures were {
allowed to stabilize, and the measuremenis were recorded. After

measurements were obtained at the desired roll angles, the model was

pitched to another angle and the procedure was repeated until the desired

angle of attack range was completed. This procedure of obtaining data

at several roll angles for each angle of attack was done to map the flow

field circumferentially.

2.2,4 0il Flow Test Procedures

After completion of the heat-transfer data, flow field photographs

were taken to obtain surface flow patterns on the model. The model was




painted black. White oil was applied to the model and photographs were
recorded with one or more cameras located on the tunnel viewing ports.
The model was injected after applying the oil and photographs were taken

at the rate of one per second until the model was retracted.
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FIGURE 2.4 THIN SKIN INSERT DETAILS
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3.0 TE'T PROGRAM OUTLINE

3.1 Sealed Fin-Body Interactions

The Modular Missile was originally constructed with the set of fins
shown in Figure 2.6. These fins were fabricated from stainless ste:l,
were uninstrumented, nondeflectable, and were sealed to the surface of
the missile body. During testing the undisturbed surface heating rates
were messured on the ogive-cylinder and compared to theoretical predictions.
It was found that the addition of a boundary layer trip strip was
necessary to obtain fully developed turbulent flow at the fin locations,
A band of #20 carborundum grit 0.75 inches wide was placed 4 inches back
from the ogive nose tip. Testing then proceeded with the addition of the
fin in Figure 2.6, Surface heat transfer and oil flow data were taken in
the vicinity of the fins. Interest was centered on the data obtained
from thermocouples 1 to 75 shown in Figure 2.3. These thermocouples
measured the shockwave boundary layer interaction heating produced by
the fins.

In generel each fin was tested at migsile angles of attack of plus

© 8° and 12° and with the fin rolled G°, 30° and 60° off

and minus 0°, 4
the leeward centerline as defined when the missile is at a negative angle
of attack. 436 runs were made and the test data was published as a three
volume data report by AEDC. The report number is AEDC-DR-75-91 and the
ARO Project number was V41B-C8A.

A second test entry was made which was a direct continuation of the

first employing the same fins, but providing additional roll angles.

The fins were tested at missile angles of attack of plus and minus 0°,

20




40. 8° and 12° and rolled 0°, 30°, 60° and 90° off the windward centerline
as defined when the missile is at a positive angle of attack. Surface
heat transfer and oil flow data were taken in 341 runs. Testing was done
under ARO Project number V41B-F6A and the data published as a three

volume data report, AEDC-DR-75-112. .

3.2 Total Pressure Surveys and Surface Pressure

This test entry concerned flow field measurements about the clean
ogive-cylinder. A total pressure rake was constructed which was large
enough to measure pressures throughout the shock layer with a resolution
of 0.25 inches. Total pressure profiles were taken at angles of attack
from 0° to 10° in 2° steps and at roll angles from 0° to 180° in 10° steps.

In addition to the rake, two surface pressure taps were installed at
Model Station 41 as shown in Figure 2.9. Surface pressure data were taken
at each roll position for which total pressure data were taken.
Distributions were thereby generated around the cylinder with only two
taps. 100 data sets were obtained and published in a four volume data
report, AEDC-DR-76-68. The ARO Project number was V41B-HOA.

The data of this teat entry was used in conjunction with an inviscid
flow fields computer program to obtain boundary layer thickness, local
Mach number, and flow turning angles at the fin leading edge for each
model attitude. With this information the peak heating in the inceraction
region could be correlated.

3.3 Heating to the Surface or the Fins
The next test entry examined the heatiny rates on the fin surface.

Two fins were selected from the set in Figure 2.6 to have thermocouples
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installed as shown in Figure 2.7. The instrumentation was installed
from root to tip along the fin trailing edge. 68 heat transfer runs
and 24 oil flow runs were made.

A small pitot rake was also installed as shown in Figure 2.10
to obtain more detailed boundary layer profiles on the ogive-cylinder.
28 runs were made with the rake for various model attitudes and the
data were published in a two volume data report. The ARO Project
number was V41B~S3A,

3.4 Interaction Effects of a Torque Tube Fin Mount

The first test entries investigated the shock wave boundary layer
interaction produced by fins which were sealed to the missile body.

The added problems of accounting for the effects of cross flow under the

oy 1 i N b o Bl 1 = 08

fin were therefore avoided and data could be compared to existing fin-
flat plate interaction data. However, the fins on practical missile
designs are usually mounted on torque tubes so that they may be
deflected. A small gap is then produced under the fin. This test entry
investigated the heating in the vicinity of such a fin. A 60° swept fin
with an 18° included wedge angle was constructed and mounted on a shaft
in the missile body so that the gap height could be adjusted. A new
thin skin insert containing 85 thermocouples was also installed on the
oglve~-cylinder just upstream of the torque tube and under the fin. ;
154 heat transfer runs and 17 oil flow runs were made., The new
insert provided data in the separated region under the fin and upstream
of the torque tube. .Data were alaso taken with the original fin insert

(thermocouples 1 to 75) to investigate the effect on the shock wave
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interaction of cross flow under the fin. The gap heilght was varied i
from 0,0 to 0.5 inches. At each gap setting the missile was pitched

to 0%, 4°, 8° and 12° and the fin rolled 0°, 30°, 60° and 90° off the

SRR

windward centerline, A complete set of the data was published in a
three volume AEDC data report under ARO Project number V41B-S3A.

3.5 Recovery Factors in a Sealed Fin Interaction

The last test entry of this program concerned the acquisition of

recovery factors in the interaction region of an unswept 20° wedge fin

sealed to the missile body. Since long run times required to reach the N
adiabatic wal temperature would also damage the thin skin inserts, the
following method was used to deduce the recovery temperature from

transient /- t transfer data. At each model attitude several repeat

runs were m. ., each with the model at a different uniform initial wall
temperature. The heat transfer rates for each thermocouple were then
plotted as a fu.ction of the wall to stagnation temperature ratic. A
linear least syuares curve fit was driven through the data and extrapolated
to zero heating rate. At this point the temperature ratio is the rccovery
temperature ratio,

The recovery factors were then'psed to correct the heat transfer
coefficients which, until now, had been based on a constant recovery
temperature equal to 1.0 times the stagnation temperature. Errors
induced by the assumption of a constant recovery factor were investigated
as well as its impact on thc peak heating correlations derived from

earlier test data.
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4.0 UNDISTURBED DATA

Initial testing of the model was carried out without fins attached.
Heat transfer, wall pressure, and total pressure measurements were made
at various model pitch and roll attitudes. This test sequence was to
provide the reference data base with which to normalize all fin
interaction data and to infer the state of the boundary layer on the
ogive-cylinder. It was also used to determine the boundary layer
thickness and to validate the computations of a numerical inviscid
flow fields program which will be described later in this section.

4,1 Heat Transfer

As was shown in Figure 2.3 there were five model stations at which
thermocouples were installed in a peripheral direction on the cylinder.
At each angle of attack a series of runs were made at various roll angles,
thereby generating heat transfer distributions around the model from the
windward to the leeward centerlines. These data were first used to
determine the location of transition on the cylinder in the axial and
peripheral directions for each angle of attack.

The heat transfer distributions are shown in Figures 4.1 through 4.4

and were measured with the tunnel operating at its maximum Reynolds number

of 4.9 = 106

per foot. For clarity only data fairings are shown in
these multiple station plots. In Figures 4.5 and 4.6 the windward
centerline data (¢-0°) are cross plotted as a function of model station
for 0° and 12° angle of attack. Also shown in these figures are laminar

and turbulent flat plate calculations based on local flow properties

about the ogive-cylinder. For zero angle of attack the boundary layer
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is transitional between model stations 25 and 40. As the end of
transition is approached the data overshoot the turbulent theory but
relax back to the theory as X increases. Also the fact that the heating
distributions in figure 4.1 are not constant with ¢ indicates that
transition does not occur symmetrically on tue cylinder. A fully
developed turbulent boundary layer probably does not exist until model
station 50 is reached. For 12° angle of attack the windward centerline
data in figure 4.6 show that most of the cylinder length is in laminar
flow. Transition occurs approximately between 40 and 50 inches.

Returning to figures 4.1 through 4.4 it is observed that for all
angles of attack the windward centerline is laminar or transitional over
most of the crlinder length and that transitional flow extends as far
as 30° to 40° from the centerline. It was apparent that in spite of
our desires natural transition upstream of the fin stations would be
difficult or impossible to achieve for fin locations less than 30° from
the windward centerline.

A band of #20 carborundum grit was then applied to the ogive four
inches from the nose tip in an attempt to trip the boundary layer.
Undistarbed heat transfer runas were then repeated and the datz are shown
in figures 4.7 through 4.10. It can be geen that the entire cylinder is
now in turbulent flow at all angles of attack.

Appendix A presents supplementary data on tripping of the ogive-
cylinder boundary layer. Shadowgraphs are shown for the 50 inch long ogive-
cylinder with and without the trip strip. Data are alsc presented from a
similar test in the AYFDL Mach 6 High Reynolds Number Facility. An ogive-

cylinder 15 inches long was tasted at various Reynolds numbers and
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produced a naturally turbulent boundary layer. Undisturbed heating
data are correlated with that of the present test and shown to agree
with turbulent theory.

With these data in mind the entire test program was carried out with
the trip strip applied to the ogive nose tip. Substantial tripped data
were taken for the clean body configuration. The combination of dense
peripheral instrunentation (one gage every 1.2 degrees) and model roll
capability generated data as shown in figures 4.1l through 4.l14. These
figures each contain over 500 points of data. These data will be used to
normalize all interaction data witkin this report.

Owing to the large numbers of data points at zero angle of attack,
these data were evaluated statistically in order to evaluate error bands.
AEDC, in their data reports,avaluate the uncertainty in data through a
Taylor series method which considers the contributing uncertainties of
material density, thickness and specific heats. In terms of the heat

transfer coefficient, the resultant uncertainty is:

H(T,) Uncertainty (+)
1073 6%
1074 7

’
Our statistical evaluation of the data considered data from various runs

and each of two test entries which were spaced some months apart. Figure
4,15 indicates data for various model stations and Table 4.1 indicates
the mean values and one, two and three sigma errors at each station.

The fact that the heat transfer data in figure 4.15 increases from model
gtation 25 to 40 was originally attributed to a substantial transitional

region. However, ohservation of the calculated pressure data which will
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be discussed later indicates that a part of the trend is due to a

recompression of the flow aft of the ogive nose section,

TABLE 4.1
Model Station §£5;Qf(gaag) _lo 20 3c
25.0 2,965 2.97% 10.96 17.90
30.0 3.002 3.90 13.56 22,20
35.0 3.115 2,44 8.66 14,14
40.0 3.174 3.02 10.27 16.80
47.5 3.073 1,92 6.77 11.19
: 27
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4,2 Surface Prespure Data

Surface pressure distridbutions were taken on the cylinder at Model
Station 42. Model angles of attack between 0° and 10° were tested in 1°
increaments and data for 00, Ao, 8° and 10° are shown in Figure 4.16.
The inviacid theory also shown in this figure will be discuased in
Section 4.4. The preasure distributions were cross plotted with the
tripped heat transfer data at various stations and the correletion shown
in Figure 4.17 was observed. A least squares curve fit through the data

was made yielding
- log P/P_ + 4.248

log St-ro 575

This correspondance between pressure and heating is valid for the

windward surface, 0° :_¢ :.1200’ but over-predicts data on the leeward

surface of the cylinder. .
With increasing angle of attack, flow on the leeward surface of the

cylinder becomes increasingly complex because of flow separation and

reattachment., Figures 4.18 through 4.20 indicate surface flow streamlines

on the leeward surface of the cylinder at angles of attack of 8°, 10°

and 12°, Divergence of the leeward centerline streamlines is apparent

for all angles of attack. At 10° and 12° angle of attack oil accumulation

lines are noted at about 20° and 30° off the leeward centerline. O0il

accumulation lines indicate regions of flow separation and low heating.

The thermocouple data confirm this to be a region of low heating and its

extent can be traced through the heat transfer data at stations 25 to 47.5.
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The minimum heating data for 12° angle of attack is shown in Figure 4,21
and the extent of the region is mapped in Figure 4.22. It can be seen
that the region begins at or about the location of the juncture of the ogive
and the cylinder and that it grows in extent from that point to the end
of the body.

In Figures 4.19 and 4,20 a convergence toward the leeward centerline
is noted in the oil accumulation lines at the model base. This
convergence is the result of a model-tunnel interaction., For the oil flow
runs it was necessary to pitch the model nose up causing the aft end of
the cylinder to move downward toward the open injection tank. The base
of the model then intersected a flow disturbance from the edge of thia
tank. This disturbance did not affect the heat transfer or pressure data
because the model was then pitched nose down theraby keeping the base
of the model well clear of the disturbance.

4.3 Pitot Pressure Surveys

Pitot pressure surveys were conducted through the shock layer of
the ogive-cylinder using the rakes shown in Section 2.1.3, The large
pressure rake contained 11 tubes spaced at 1.0 inch intervals. The
rake could be displaced in the radial direction in 0.25 inch increments
so that pitot profiles were obtained from the wall to the shock with a
0.25 inch resolution. The small rake contained 10 tubes spaced at 0.1
';nch intervals and was used to provide the resolution necessary to
;ot?blish boundary layer thickness at various model pitch and roll
attitudes, All measurements were taken at Model Station 42 which is

the fin leading edge station.
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Data were taken with the large rake for angles of attack between
0° and 19° 1n 2° increments and at roll positions between 0° and 180°
in 10° increments. Selected profiles from this data set are shown in
Figures 4.23 through 4.26. The inviscid theory also shown in these
figures will be diacussed in Section 4.4,

A similar set of profiles are shown for the small boundary layer
rake in Figures 4.27:through 4,30. Data were taken with this rake for
angles of attack of 0°, 40, 8° and 12° and xoll positions between 0o
and 180° in 30° increments. The boundary layer rhickness was defined
as that point on thefbrofile where a knee occurs as shown in Figure 4,27.
The variations of boundary layer thickness with angle of attack and roll
position are shown in Figure 4,31,

Figure 4.32 indicates the pitot pressure in the shock layer about
the ogive-cylinder at station 42 for the model at 10° engle of attack.
This figure is a cross plot of data taken at 10° spacings about the
model and at 0.25 inch increments in the radial direction. This figure
indicates a vortex centered at 162° (18o off the leeward centerline) and
possible vortices at regions marked A, B and C. In these latter three
regions there is not sufffcient data to plot a closed low pressure regior
but evidence of such a region is noted. The vortex at 162° 1s predictable
through observations of oil flow data such as Figure 4.19. In Figur= 4.19,
strong out flow exists about the leeward centerline terminating at about
16° from that centerline. The second clearly defined line occurs at 30°
from the centerline. These angular dimensions bound the low pressure region

The inviscid 1limit line will be discussed in Section 4.4.
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4.4 Inviscid Flow Fields Computer Program

The preceding sections have demonstrated the complexity of the
flow field about the ogive-cylinder at angle of attack. To understand
the greater complexity of a fin induced shock interaction within this
flow field two additional local flow properties are required. These are
the local flow turning angle with respect to the model axis and the
local Mach number at the :2dge of the boundary layer. These two properties
determine the fin shock strength which will be shown to be the correlating
parameter for all interaction data. Neither of these properties can be
determined from the data presented so far. An inviscid flow fields

(2)

computer program written by the Naval Surface Weapons Center (NSWC)
was capable of computing these parameters and became the key to our
understanding of the interaction data. The credibility of the NSWC
calculations was tested by comparing our experimental flow field data
to the NSWC computations. These comparisons will be discussed in this
section,

Figure 4.16 presented the surface pressure data taken at Model
Station 41 and also the inviscid computations of the NSWC program.
Agreement is excellent for all angles of attack and peripheral angles,
¢, from 0° to 100°. From 100° to 180°.the program underestimates the
data where separation and vortical flow have been documented.

Corresponding representative pitot data were presented in Figures
4.23 through 4.26 along with the NSWC computations. Again, agreement

is excellent for ¢-0° and ¢-90° but unacceptable at 0-180o close to the

cylinder surface. The cause of this leeside divergence was showm in
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Figure 4.32 for 10° angle of attack by plotting contours of constant
pitot pressure through the flow field cross section., The solid line
in this figure indicating the limit of inviscid agreement bounds the
vortical portion of the flow field.

Local Mach numbers through the shock layer were computed when the
pltot surveys were made by assuming a constant static pressure through
the shock layer equal to the wall pressure and usiung the Rayleigh
pitot formula. These Mach number profiles were compared to the NSWC
calculations and an example is.shown in Figure 4.33. Although better
agreement was found at other mo&el attitudes a éomplete lack of agreement
is noted here. Figure 4,34 presents the pitot data for the same attitude
and reestablishes the validity of the NSWC pitot predictions., Figure 4.35,
however, indicated the probable error in assuming a constant static pressure
equal to the wall pressure. The NSWC sta‘ic pressure prediction is far
from constant. The Mach number profile was recomputed using the Rayleigh
pitot formula and the NSWC rtatic pressure profile and again compared to
the NSWC Mach numbers. As shown in Figure 4,36 the agreement is now
excellent. Further examples of the NSWC static pressure profiles are
shown in Figure 4.37. The maximum height to which one can assume a
constant static pressure equal to the wall pressure is shown in Figure 4.38
as a function of angle of>attack and peripheral angle ¢ about the cylinder.

The NSWC program was therefore considered to provide valid fiow
field properties for the ogive-cylinder as long as you remained clear
of the boundary layer and any vortical regions in the shock layer. The
experimental pitot data was used to determine the local boundary layer

thickness and the NSWC program was then used to cbtain Mach number and flow
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turning angle as well as local static temperature, These flow properties
are shown in Figures 4.39 through 4.40 and will be used in all data

correlations within this report.
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FIGURE 4.30 BOUNDARY LAYER PITOT PROFILES ,Q=I2°
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5.0 SEALED FIN INTERACTIONS
The Aerodynamic heating produced in the interaction region of fins
secaled to the missile body will be discussed in this section. Examples
of the interaction heat transfer distributions on the missile body are
shown in Figure 5.1. The most significant feature is the large peak
which occurs close to the fin. In Subsection 5.1 through 5.3 the peak heating
rates produced by unswept fins having wedge half angles of 6°, 7.S°,

(o]

9" and 10° will first be discussed for the case of the missile at zero

angle of attack. The complications of variable local Mach number and
cross flow will then be added by pitching the missile to angle of attack
and volling the fin off the windward centerline. In Subsection 5.4

the location of peak heating in the interaction region is correlated and
compared to existing fin-flat plate data.

In Subsection 5.5 the effects of fin leading edge sweep and bluntness
on peak heating in the interaction region are discussed. The final subsection
deals with the aerodynamic heating on the fin surface for swept and unswept
fins. The heating rates are compared to laminar and turbulent flat plate

theory and good agreement is noted.

5.1 Peak Heating at Zero Angle of Attack

Using the undisturbed data of Section 4.0 as the reference values,
the interference heating ratios (peak to undisturbed) were calculated for
the most elementary case of the ogive-cylinder at zero angle of attack.
Figure 5.2 presents these data and for comparison, data for a fin on a

(3)

flat plate . In spite of reasonable agreement of Mach number and Reynolds

number between experiments substantial differences in interference effects
are noted. Also shown in this figure is a peak heating correlation by
(4)

Hayes for fin-flat plate interactions. This correlation is a function
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of My sin 6 and Ax/§ and is shown to predict the flat plate data
very well.

Subsequent flow field probing on the ogive-cylinder indicated that
the local Mach number at the fin station was 5.6 compared with 5.85 for
the fin-flat plate data. It also showed that the boundary layer thickness
on the ogive-cylinder was 0.63 inches yielding an Ax/§ ratio of 8,7
compared to 20 for the fin-flat plate data. The peak heating correlation
was recomputed based on these data for the ogive-cylinder, however the
effects were found to be inaignificant in improving the agreement with
the ogive-cylinder heating data. A final area of difference which will
now be discussed is that the ogive-cylinder data are tripped and the
fin-flat plate data are not. y

A tripped fin-flat plate interaction test was conducted in 1964
and the results presented in reference 5. The peazk heating data from
this test are shown in Figure 5.3 as a function of distance from the
fin leading edge, Ax, and for various fin deflection angles. From an
evaluation of pitot data on the clean flat plate it was determined that
at the fin leading edge the boundary layer was 0.51 inches thick so that
a value of Ax/6 =8.7 was achieved at Ax=4.4 inches.

In Figure 5.4 the tripped flat plate data is cross plotted at a
value of Ax/8 = 8.7 together with the ogive-cylinder data. Agreement
between the data sets ie apparent, but of more importance is the agreement
with the oblique shock pressure ratio to the 0.8 power. This pressure
correlation was derived from two dimensional interaction data(s). This
indicates that for three d.imensional interactions occurring downstream of

a tripping device the peak heating agrees with that of two dimenmsional
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interactions at equal shock strengths. The vorticity associated with three
dimensional peak heating may not be present, This is in contradiction : f
to the results of Hayes for untripped boundary layers on fin-flat plate

models, The significance of this is clear when it is pointed out that

rore

all systems data taken to date have been taken on models employing trip
strips, and that typically the Ax/é8 is 10 or less.

Evaluating the bulk of the tripped fin-flat plate data it appears
that the data approach the values predicted by Hayes only after Ax/$
values greater than 25 are attained as shown in Figure 5.5.

5.2 Peak Heating at Angle of Attack, Zero Roll

We will now consider the more general case of an interaction caused

by a fin located on the windward centerline as the ogive-cylinder is

TR

pitched to angle of attack. As the angle of attack increases the local

Mach number at the fin leading edge decreases. The pitot pressure data

T R

and the NSWC program, both described in Section 4, were employed to
evaluate the boundary layer thickness and the local Mach number at the
boundary layer edge. These parameters were presented in Figures 4,31
and 4.39 respectively.

The selection of the boundary layer edge as the characteristic '

point for such interactions is consistent with the prevailing concept that

three dimensional flows separate easily and that, once separated, a new

boundary layer is formed of the inviscid flow. The original boundary layer

does not pass over the separated region. This has been confirmed empirically

through evaluation of oil flow data and it is consistent with the comments !

(6)

of Eichelbrenner concerning three dimensional boundary layers.
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Figure 5.6 indicates the fin interaction data for missile angles
of attack up to 12°. Also shown is the oblique shock pressure ratic
to the 0.8 power. While some data scatter exists, the scatter is
within +10Z2 of the pressure corrélation. Since the variation in
Ax/§ with angle of attack is not considered in this correlation some
data scatter is expected.

l5.3 Peak Heating at Angle of Attack, Arbitrary Roll

In the most general case the ogive-cylinder is free to pitch to

angle of attack and, at the same time, the fin is rolled to arbitrary

angles off the windward centerline. Within this report fin interaction

[PPSR

data will be limited to fin roll angles of 120° or less by the requirement

ot

that attached flow on the cylinder be maintained at the fin location.
Intuitively, as the fin roll angle increases, for a given angle of attack,
the flow angle with respect to the model centerline and the local Mach
number also increase. Correlation of the peak heating data depends upon

understanding these variations in a quantitative mauner. The pitot data

T s e s s 2l s s T Ak it B

and NSWC program were again used to define these parameters at the
boundary layer edge. Local Mach numbers and flow turning angles are
shown in Figure 4.39 as a function of model peripheral angle and angle
of attack.

Using these "data" a correlation of the peak heating data for
arbitrary orientation was derived and is shown in Figure 5.7. The fin
shock wave angle, 0, is that caused by the sum of the fin wedge half
angle and the flow turning angle at the boundary layer edge. Again
the oblique shock pressure ratio to the 0.8 power is also shown.

Excellent agreement, +10X of the pressure correlation, is noted for
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these data. All of the data in Figure 5.7 were taken on the cylinder
between the fin centerline and the cylinder's windward centerline.

A similar correlation is possible for data teken between the fin
centerline and the cylinder's leeward cénterline where smaller but‘
positive effective fin deflection angles occur. Figure 5.8 indicates
such data using the symbolism of Figure 5.7. Data generally agree
with the pressure correlation to +102; however, they are biased to be
slightly higher than the pressure correlation at very low effective
wedge angles. This may be due to viscous effects which increase the
effective wedge angle of the fin.

5.4 Location of Peak Aerodymamic Heating

The peak aerodynamic heating location on the ogive-cylinder was

(7

evaluated against parameter suggested by Token as applicable to the
fin-flat plate case. This correlation is notéd in Figure 5.9 for
both positive and negative angles of attack and for the fin located

on the windward centerline as defined at positive angles of attack.

Token's relationship is

Y- 8, =K(6~8,) ( Eq. 5.3.1)
(7

where K=0.24 according to Token
3. =effective fin deflection angle
¥=angle to peak heating location
0=shock wave angle
The data indicate that K=0.24 forms a lower bound to the ogive-cylinder data
while K=0.375 forms an upper bound. Data scatter is due partly to the

sensitivity of the data to the angular difference,$—qv A one degree change
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in this difference amounts to a peripheral dimension of 0.074 inches
which is less than the gage spacing.

When the fin is rolled off the windward centerline the peak moves
cloger to the fin. The data trend is however too small to be accurately
~.aluated from the available data. For practical applications it is the
same as for the fin located on the windward centerline.

A comparison of the ogive-cylinder data and fin-flat plate data(A)
is shown in Figure 5.10 and indicates that a reasonable correlation is

obtained using Token's value of K=0,24,

5.5 Effects of Fin Sweep and Bluntness on Peak Heating '

The preponderence of data taken and presented in this report is
for unswept fins. It was earlier observed that fin sweep is only a
(5)

minor influence on the peak heating for fin-flat plate geometries .

Such modifications to the peak heating were adequately accounted for

by the expression ; ;

H
_SWept | yg0:24 (Eq. 5.5.1)
unswept

where A = leading edge sweep angle

Sufficient data were taken during the present test program to verify
this conclusion. Data were taken for fins with a ten degree wedge
half angle and having sweep angles of 0°, 45° and 60°. Dimensions
of the fins were given in Table 2.1,

Figure 5.11 indicates the peak heating data for gach fin and for
several model roll positionrs., All the data were taken at zero angle of
attack. A least squares curve fit through the data average values

indicates the correlation expression
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H
unswept

This relationship is quite close to Eq. 5.5.1 and emphasizes the fact
that sweep effects offer a minimum perturbation to the basic phenomena
observed in unswept éharp fin data.

There were no data taken during this test program on blunted fins.
A limited amount of data on fin blunting have beeﬁ taken during the lower

€))

Mach number tests of Token and earlier during fin-flat plate tests

at Mach 6(5). In both of these test programs there were measurable
effects of L.E. bluntness on the induced heating. 1In Token's daca it
was observed that relatively large heating increases occur due to
bluntness at low values of Ax/$§ and Ehat most of the heating increase
could not be eccounted for by the corresponding pressure rise due to
bluntness. This is shown in Figure 5.12 by the shaded area. The usual
pressure correlation has been used to transform Token's sharp fin
heating correlation into a blunt fin correlation by multiplying it by
the blunt to sharp peak pressure ratios to the 0.8 power. This blunt
fin correlation still falls well below the blunt fin data. Cross plotting
all of Token's blunt fin data in Figure 5.13 indicates that heating
increases due to bluntness are nore_pronounced near the fin leading edge
(Ax/6+0) and at the lower fin deflection angles. Similar, but less

detailed, results are observed in :he Mach 6.05 data(s)

as noted in
Figure 5.14., In this figure it is observed that increasing the fin
deflection angle from 7.5° to 15° reduces the influence of L.E. bluntness

on the induced heating.
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The heating is higher in the immediate L.E. region of the fin
because bluntness creates vorticity in the L.E. region as shown in
Figure 5.15. This vorticity is swept downstream along the fin. This
is contrasted to the sharp fin case where a finite distance downstream
of the fin leading edge is required to initiate and sustain vortical
motion., Downstream of this point the effect of bluntness is nominal.

It 18 also clear in Figure 5.13 that the effacts of bluntness
are strongly dependesnt on fin deflection angle. For a blunt fin at
zero deflection the fin bluntness effects dominate the interactiom.

For the more practical cases, having even a moderate cross flow due

to model pitch and roll attitude will increase the effective fin
deflection angle and reduce the effects of bluntness to nominal values,
The degree of cross flow attainable war shown in Figure 4.39.

5.6 Heating tu Surface of Fins

The effect of the shock wave/boundary layer interagtion on
aerodynamic heating to the fi: surface was investigated by selecting
two fins for instrumentation ind testing. An 18° wedge unswept fin
and a 20° wedge 60° swept fin were instrumented as shown in Figure 5.16
and 5.17. Heat transfer distributions were measured along the span of
each fin and were compared to laminar and turbulent theory for flat
plate flow. An exawmple of the data for the unswept fin at a 90° roll
position is presented in Figure 5.18 and is shown to agree well with the
Van Driest 1I turbulent “heory.

The Van Driest Il calculations were performed by first obtaining

free stream properties as a function of Z from the NSWC program. An
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oblique shock calculation was made at each value of Z using NSWC
local flow angularity, fin wedge angle, and the NSWC local Mach
number. The flow properties behind the oblique shock were then used
in the Van Driest II calculations.

Similar calculations ware made for the local flow properties on
the 60° swept fin. The Van Driest II turbulent theory and Eckert's
laminar theory were calculated and compared to the data as shown in
Figure 5.19. Heating rates close to the missile body agree well with
turbulent theory. As the initial running length decreases with span
the heating rates appear to approach laminar values, although a laminar
distribution was never obtained. The measured heating on the fin is at
least contained between luminar and turbulent theory with no interaction

induced peaks as observed on the missile body.
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SYMBOLS . SEE FIGURE 5.7 ®
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LEE SIDE OF THE FIN
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6.0 FIN/TORQUE TUBE INTERACTION

A 15° wedge 60° swept fin was mounted on a 0.625 inch diameter torque
tube to study the effect of fin/body gaps on the peak interaction heating
observed in the sealed fin tests. The general configuration of the fin/
torque tube model is shown in Figure 6.1. A new thin skin thermocouple
insert containing 85 thermocouples was installed upstream of the torque
tube to measure the interaction heating under the fin. Details of this
new insert are shown in Figure 6.2. The length of the torque tubc was
varied to provide fin/body gaps from 0.0 to 0.5 inches in 0.1 inch
increments, At each gap height the model was pitched 0%, 4°, 8° and 12°
and rolled so that the fin was 0°, 30°, 60° and 90° off the windward
centerline. Heat transfer distributions were measured downstream of the
torque tube in a circumferential direction (as was done for the sealed fins)
and upstream of the torque tube in the axial direction. (il flow
photographs were also taken at selected attitudes and a few examples
will be shown to define the major characteristics of the surface flow,

In Figures 6.3 through 6.5 the model 1s at g° angle of attack and
the fin is or. the windward centerline. Figure 6.3 shows the surface
flow for a gap of 0.1 inches. The boundary layer thickness at this
attitude 18 about 0.4 inches and the significant feature is the very
weak effect of the fin even at this small gap height. In Figure 6.4 at
a gap height of 0.3 inches the surface disturbance is from the torque
tube oniy. Two oil accumulation lines are observed, one marking the
primary separation and a secondary line marking the leadlng edge of the

vortex around the torque tube. This was defined as a Type I separation
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pattern. Figure 6.5 shows the surface flow field at a gap height of
0.5 inches. The separation pattern has changed under the fin so that
the primary separation line 1is no longer continuous but intersects the
secondafy separation line at the fin perimeter., This was defined as

a Type Il separation. The two types of separation are sketched in
Figure 6.6 for clarity and their effect on the peak heating upstream of
the torque tube will be noted later.

In Figure 6.7 the fin is rolled 60° off the windward centerline
and the gap height 1% 0.1 inches. As the fin is rolled off centerline
the effective angle of attack increases due to model angle of attack and
an increase in local flow angularity. As shown in Figure 6.7 the
interaction becomes a complex combination of effects from the fin and
the torque tube making analysis very difficult.

6.1 Heat Transfer Downstream of the Torque Tube

The heat transfer distributions downstream of the torque tube
were found to be very similar to those of the sealed fins, A comparison
of the gapped and sealed distributlons is shown in Figure 6.8 for 12°
pitch and 30° roll., A slight.increase in peak heating with gap is
noted but the location of the peak and the shape of the distribution
remains essentially unchanged.

The ratio of peak to undisturbed heat transfer coefficients is
shown in Figure 6.9 as a function of angle of attack and gap height for
each of the four roll angles. The effect of gap height can be seen by
comparing data points with the zero gsp (sealed fin) data. Maximum

heating occurs at a gap of about 0.l inches and is, at the most, 50X
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over sealed levels. Also note for later comparison to upstream peak
heating levels that the range in peak heating here i1s 1.5 to 5.0 times
the undisturbed level.

6.2 Heat Transfer Upstream of the Torque Tube

f~lected heat transfer distributions taken on the fin centerline
upstrean of the torque tube are shown in Figure 6.10. The interaction
was found to extend about two diameters upstream of the torque tube
with the peak heating location being no more than 0.3 diameters
upstream. For small gaps the Type I separation pattern is produced
and the peak heating level increases with gap height. At some gap
height, which varies with model attitude, a switch to the Type II
separation occurs. The conditions under which this occurs could not
be correlated but for the case in Figure 6.10 it occurs at a gap of
0.4 inches. The result is a decrease in peak heating. Once the Type
II separation is established the peak heating level again increases
with increasing gap height.

The upstream peak heating ratio is presented in Figure 6.11 as a
function of gap height and angle of attack for each roll attitude. The
filled symbols are for Type 1 separation conditions and the open symbols
are for Type II separation. The reduction in heating for the latter is
apparent. A significant point here is the overall range in heating levels,
4 to 17 times undisturbed levels, compared to 1.5 to 5 times undisturbed
for the downstream interaction.

In Figure 6.12 the peak heating levels are compared to Nestler's(a)
correlation for peak heating upstream of unswept cylinders. The data

are generally bounded by Nestler's correlation except at large pitch and
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roll attitudes. The local Mach number and Reynolds number for the Nestler
calculations were obtained from the NSWC program.
Although no correlation of the upstream peak heating was found it
was concluded that the upstream heating problem is about 'ee times
that of the downstream case and is therefore the design point for

thermal protection of gapped control surfaces.
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FIGURE 6.4 FIN-TORQUE TUBE ; Q=8",$=0’,6AP=0.3




FIGURE 6.5 FIN-TORQUE TUBE ; (1=8", p=0", GAP=0.5
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7.0 INTERACTION RECOVERY TEMPERATURES

In the last bhase of testing the recovery temperatures were
inferred in the interaction fegion of a sealed unswept 20° wedge fin.
From previous experience it was found that for run times long enough to
establish equilibrium wall temperatures damage to the thin skin inserts
would also occur. A method was therefore devised whereby the recovery
temperatures could be extrapolated from heat transfer data.

The method consisted of making several runs at each pitch-roll
attitude. Each run was made at a different wall temperature with the
model being heated or cooled to a uniform temperature before the run.
For each thermocouple the heat transfer rate measured during each run
was plotted as a function of the wall to stagnation temperature ratio
as shown in Figure 7.1. 1In theory, these data should follow a linear
function assuming no conduction or radiation effects are present. A
linear least squares curve fit of the data was formed and extrapolated
to Q = 0. At this point the temperature ratio should be Ty/To.

The recovery temperature ratios and local static temperatures given
in Figure 4.40 were then used to compute recovery factors through the
interaction region at each pitch-roll attitude. These recovery factor
profiles are presented in Aprendix B. Recovery factor profiles are also
presented for the undisturbed flow on the windward surface of the ogive-
cylinder., These were generated by cross plotting the recovery factors
obtained at each of the model roll positions and which were more than 45
degrees from the fin surface. It was shown through oil flow and heat
transfer data that the interaction region does not extend more than 45

degrees from the fin. The undisturbed recovery factor profile for zero
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angle of attack contains only 22 points because only one roll position
(¢-0°) was testvd. The undisturbed profiles exhibit two peculiar aspects
which remain unexplained. The first is the sharp roll off of the recovery
factor for ¢-90° and a-ko. 8° and 12%and the second is the elevated value
at zero angle of attack. Except for these cases the undisturbed recovery
factors agree well with the theorecical value of 0.88.

The recovery temperature ratios for the undisturbed region at zerc
angle of attack are shown in Figure 7.2. The average value is 0.940 which
gives a recovery factor of 0.931., A second method of deriving the
ave.ige recovery temperature ratio was tested on these data. This method
ur  the fact that the heat transfer coefficient should be independent of
We temperature when based on the correct recovery temperature. Ten runs
were made at zero angle of attack, each at a different wall temperature.

For ea "1 run the average value of Q and T, was taken for the 22 thermocouples
in tte undisturbed region. These are shown in Table 7.1, A recovery
temperature was assumed and the heat transfer coefficient was calculated
for each run. The average value of the hcat transfer coefficients of the

10 runs was taken and the one sigma scatter computed. This was repeated

for several assumed recovery temperatures and the results plotted as shown
in Figure 7.3. The actual recovery temperature is then given by the point
wnere minimum scatter (i.e. wall temperature dependence) occurs. This
method gives a reccvery temperature ratio of 0.945 which agrees well with
the results shown in Figure 7.2. The point of minimum scatter in Figure 7.3
also provides a measure of the basic noise in the data which is 2.88X of the

average value for this case. In Figure 7.4 the data of Table 7.1 has been
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plotted so that the variation in the heat transfer coefficient with the
assumed recovery temperature can be seen. As shown, a large error in
the heat transfer coeificient can result from an e¢rror in the recovery

temperature,

TABLE 7.1 T EXTRAPOLATION (METHOD II)

IRUH Q. T\V H...T. H.’T.

| 3oi 525 i.350 1.254 1,171 1,082 1.0%4 | .,2773 D262
! . 336 54 1.436 | 1.3139 1.254 Lie2 1.113 | 1.083 1.000
It { .305% 539 1459 1.380 1.255 |'1.154 ). lo1 1.037 .9807
3] .2¢! 579 I.544 l.403 1.28¢ 1.164 1. 101 l.02¢ 963}

42 .22¢6 608 1.614 1.439 .29 1.157 l.os7 1.004 .9339
47] .22¢ 608 1.614 | 1.439 1.29% ).157 j.087 | I.004 9339
éo| .178 646 1.716 1.471 1.287 1.113 1.022 | 9352 | .857¢
6! 180 643 1. 714 1.418 1.29% 1.123 1.040 9474 -369%

41 .217 G2 I.722 | L.§17 1.35¢ 1.197 1.119 l.o2¢ | .a5:8
75| .245 594 1.591 | 1.433 1.303 1.7 l.104 1.02.5 | .a570
Have wo'l 1.57¢ | 1.412 | 1280 | 1148 | Log 1.004 | .9374
20~ (%) 8.5 £.53 3.73 2.8 3.2 3.89 4,79

An example of the interaction recovery factor profiles of
Appendix B is shown in Figure 7.5. Tlie characteristic features to be
noted are the trough located just vuthoard of the peak heating location
and a sharp peak at the location of separation., The recovery factors at
these locations are shown in Figure 7.6 as a function of model roll angle.
Such large variation in the recovery factor has significant effect on the
heat transfer coefficients as is shown in Figure 7.7. Here a comparison
is shown between heat transfer coefficients based on T, (R=1) and those

based on the recovery factors of Figure 7.5.

A final significant feature noted in Figure 7.5 is that the recovery
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factor at the peak heating location is very close to that of the
undisturbed flow. This is shown in Figure 7.8 to be true for most of
the data. The exceptions are the cases where ¢-90o and where a=0°,

The undisturbed recovery factor at these model attitudes varies
significantly from theory, as mentioned earlier, and is the cause of
divergence in Figuve 7.8. Since the recovery factors at the peak and
undisturbed locations are the same the ratio of peak to undisturbed heat
transfer coefficient is nearly independent of the recovery factor. The
correlation for peak heating derived in Section 5.3 is therefore still

valid as shown in Figure 7.9
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8.0 CONCLUSIONS

An extensive analytical and experimental test program was conducted
investigating three-dinensional shock wave turbulent boundary layer

interactions produced by fins on an ogive-cylinder. Flow field data were

taken on the ogive-cylinder with the fins removed and the data were compared

to predictions of an inviscid flow field computer program. Excellent agreement

between the data and the inviscid solution was demonstrated. Heat transfer

data were then taken in the interaction region of several fin configurations

attached to the ogive-cylinder and the peak heating rates were correlated
in terms of the iaviscid flow properties.

All data were taken in the AEDC/VKF Tunnel B at Mach 6 and a unit Reynolds

number of 4.9 X 106 per foot. Analysis of the undisturbed flow field data
and the peak interaction heating data produced the following significant

coriclusions.
1) For the ogive-cylinder configuration at angles of attack up to at
least 12°, and within the attached flow region of the cylinder, the local

flow field properties are well predicted by the inviacid flow field
program of Reference 2.

2) The peak interaction heating rate for fins sealed to the cylinder may
be predicted at any model attitude (at least within the test limits) by the

following simple relation.
0.8
Ry _( P, )
Hu Pl

The pressure ratio, P2/P1 ,» 1s the oblique shock value for a particular

model attitude and considers variations in the local Mach number and flow
angularity as defined by the inviscid program. The local flow properties

are evaluated at the edge of the boundary layer at the fin leading edge.

131

]

[ S IV

s - —-—ry .

Aot o

h- P




3) The location of the peak interaction heating on the ogive-cylinder
wvas found to agree with Token's(3) relation derived from fin-flat plate data,
Y= 0.24( 0-6p ) + &p
Where § = Angle to peak heating location

8 = Shock wave angle
OF = Fin deflection angle

4) Aerodynamic heatind on the fin surface does not exhibit the
interaction induced peaks observed on the cylinder. The heating levels
are well predicted by flat plate laminar and turbulent theory if local
free stream properties are defined by the inviscid program.

5) Bffects of fin leading edge sweep on thg peak hegting leveis can be
accounted for by the following relation from Reference 5.

H

t = co'Q.ZAA
unswept

where A is the sweep angle

6) For a swept fin mounted on a torque tube allowing varations in the
fin-cylinder gap height, the gap has little effect on the interaction heat
transfer distributions. The peak heating was increased by a maximum of 50%
over the sealed fin levels and was 1.5 to 5.0 times the undisturbed level.

Peak heating under the fin and upstream of the torque tube represents the
most. severe case of interaction heating observed during this effort. The
peak heating levels could not be correlated but were generally bounded by

Neutler'e(s) correlatioﬁ for peak heating upstream of unéwept cylinders.
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Peak heating rates 4 to 17 times the undisturbed levels were observed.
Additional study of this interaction is suggested since the peak heating in
this region would be thi design point for the thermal protection of gapped
control surfaces.

7) Recovery factors were evaluated in the interaction region of a fin
sealed to the cylinder, Tﬁe recovery factor at the peak heating location
was found to be the same as that of the undisturbed flow and has a value
of 0.88. The recovery factor profiles through thg interaction region reveal
a trough just outboard of the peak heating location having a nominal value
of 0.85. A sharp increase in the recovery factor to a nominal velue of 0.95
was noted at the location of 3-D separation (as determined from oil flow

photographs).
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APPENDIX A

EFFECTS OF THE TRIP STRIP ON THE MEASURED AERODYNAMIC HEATING
In spite of the large scale of the modular missile model and the resultant
Reynolds number at the point of interaction of over 10 x 106, the boundary
layer on the model was not always fully turbulent. In order to achieve
fully turbulent data on the model in the region of interaction, a strip
of grit was applied to the model nose. Shadowgraph data of the nose
region prior to and after the application of the grit indicates that the
strip, itself, creates a localized disturbance and changes the thickness
of the perceived boundary layer. These characteristics are noted in
figures A-l1 and A-2 which were taken at angles of attack of zero and
12 degrees. These differences appear to diminish as the flow proceeds
downstream of the disturbance however, there is no assurance from these
data that the flow in the tripped state has the same characteristics
as it would without tripping.

In order to examine this question further, a quarter scale model of the

modular missile model shown in figure A-3 was constructed and tested in

9)

‘the AFFDL Mach 6 tunnel . This facility generates Reynolds numbers which

are substantially higher than those in Tunnel "B" - even when the reduced

scale of the model is considered. The untripped quarter scale model was

teatéﬁ in this facility at zero angle of attack and the resulta are shown in

figure A-4. This figure indicates data taken in the AFFDL and AEDC facilities

with both tripped and untripped boundary layers. These data are plotted
as a function of the freestrsam Reynolds number to the gage, Rn.x, and

correlated with the Eckert turbulent theory using a surface pressure level,

—— —————
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PL/Pw of 0.86 as derived from measurements in Tunnel "B" and confirmed
through numerical calculations.

The AEDC data were all taken at one unit Reynolds number but at various

stations on the body while the AFFDL data were taken at one station on

the body while varying the unit Reynolds number of the facility. Both

sets of untripped data agree well with one another and trend toward the
theory line. In addition, the tripped data also trend toward the theory
i{ne and agree with the untripped data in the limit of large Reynolds

numbers (large distances from the trip strip).

It is concluded from this exercise that the tripped data are fully

turbulent and representative of fully turbulent data at the start of

the interaction process.
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FIGURE A-la Q=0°, UNTRIPPED

137

(o




b
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FIGURE A-2b

a=12° , TRIPPED
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APPENDIX B
INTERACTION RECOVERY FACTOR PROFILES
Recovery temperature ratios, TR/TO. were derived from thin skin heat
transfer data in the interaction region of a 20° wedge fin according to

the method described in Section 7.0. Test data were taken for angles of

[¢]

attack of 0%, 4°, 8° and 12° and with the fin rolled 0°, 30°, 60° and 90°

off the windward centerline of the ogive~cylinder. Recovery factors were

then calculated as

R R L
T, - TL

where TL is the local static temperature as defined in figure 4.40,

The recovery factor profiles through the interaction region are shown

for each model attitude in figures B-1 through B-13,

0il flow photographs and the heat transfer profiles demonstrated that

the interaction region does not extend beyond 45° from the fin centerline
station. At each angle of attack the recovery factors measured at locations
greater than 45° from the fin were plotted for all roll positions. This

generated recovery factor profiles of the undisturbed flow field on the

cylinder as shown in figures B~1l4 through B-17.
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